INTRODUCTION
============

In the human genome, there are 11 members in the family of apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like (APOBEC) deaminases, including activation-induced cytidine deaminase (AID), APOBEC1, APOBEC2, APOBEC3A (A3A) to APOBEC3 H and APOBEC4 \[[@B1],[@B2]\]. Among them, APOBEC3 members and AID are well known for their roles in innate and acquired immunity \[[@B3],[@B4]\]. The major function of the APOBEC3s is to inhibit replication of retroelements or infectious retroviruses such as HIV-1 \[[@B5]--[@B15]\].

APOBEC3B (A3B) is a member of the APOBEC3 group. It has two cytosine deaminase domains (CDs): CD1 at the N-terminus and CD2 at the C-terminus. A3B displays anti-retroviral activity and inhibits retrotransposon replication \[[@B16]--[@B19]\], and has been shown to impair infection by the DNA virus hepatitis B virus (HBV) \[[@B15]\]. A3B expression is up-regulated in HBV- and human papillomavirus (HPV)-infected patients \[[@B20],[@B21]\]. A3B is shown to deaminate HBV covalently closed circular DNA (cccDNA) to induce not only mutations of the viral genome \[[@B21],[@B22]\] but also the degradation of the viral cccDNA \[[@B23]\]. However, uncontrolled deamination activity by A3B on genomic DNA can have a detrimental effect, as A3B has been reported to be an enzymatic source of mutation in multiple cancers including breast, lung and cervical cancers \[[@B24]--[@B34]\]. Despite the importance of A3B function and its involvement in cancer, there has been no comprehensive report yet on the *in vitro* biochemical characterization of A3B.

Cytosine methylation is a common modification of genomic DNA in epigenetic regulation of gene expression. So far, AID and A3A, both of which are single-domain deaminases, are the only APOBECs reported to be capable of deaminating methylcytosine (mC), with A3A being much more active than other APOBECs in catalysing this reaction *in vitro* \[[@B35]--[@B40]\]. The mC deamination activity associated with AID has been proposed as an alternative way, in addition to the ten-eleven translocation (TET) pathway \[[@B41]\], to contribute to DNA demethylation for regulating the methylation pattern in mouse germ cells \[[@B42]\] and for cell reprogramming in inducing pluripotent stem cells \[[@B43]\]. For A3A, its mC deamination is currently proposed to be involved in clearing foreign infectious DNA or degraded self-DNA from apoptotic cells \[[@B5],[@B35]\].

The catalytic CD2 of APOBEC3G \[A3G (A3GCD2)\] shares significant sequence homology with A3A (65% identity). However, unlike A3A that has highly efficient mC deamination, A3GCD2 is reported to be deficient in mC deamination \[[@B35],[@B36]\]. Even though the high-resolution structures of A3A and A3GCD2, as well as five other APOBEC domain structures, are available \[[@B44]--[@B49]\], the structural elements responsible for the efficient mC deamination activity observed for A3A or the lack of mC deamination for A3G have not been identified. Among all APOBECs, A3BCD2 shares the highest sequence homology with A3A, with 89% sequence identity between them. Moreover, A3B is the only APOBEC that shows constitutive nucleus localization \[[@B50],[@B51]\], and its activity in editing nuclear DNA is implicated in various cancers \[[@B24]--[@B31],[@B52]\]. However, whether the CD2 of A3B that shares high sequence homology with A3A can also deaminate mC is unclear.

To address these questions, we characterized the *in vitro* deamination activity of A3B using proteins purified from several A3B deletion/mutation constructs. Our results clarified that only A3BCD2 is the catalytically active domain. We also showed that A3B and A3BCD2 had detectible weak deamination activity on mC at a level approximately three orders of magnitude less than that of A3A. In order to reveal the factors(s) important for determining mC deamination activity, we performed structure-guided mutagenesis studies; these studies enabled us to successfully engineer A3BCD2 constructs with mutations resulting in increased mC deamination activity by about two orders of magnitude. This work has allowed us to identify the important elements that affect the activity and specificity of mC deamination for A3BCD2, and possibly for other APOBECs.

EXPERIMENTAL
============

Cloning, expression and protein purification
--------------------------------------------

The full-length A3B, A3BCD1, A3BCD2 and their corresponding mutants were constructed in pMAL-c5X vector (New England Biolabs) and expressed as an N-terminal maltose-binding protein (MBP) fusion in *Escherichia coli* cells. A3BCD2 and its various mutant constructs were also cloned into pET-28a (+) vector (Novagen) with a C-terminal His-tag. All clones were sequenced to confirm the correct sequences before proceeding with protein expression, purification and activity assays.

Protein expression for MBP--A3B constructs was induced with 0.3 mM IPTG at 16°C for 18 h in a shaker incubator. Cell pellets were resuspended with lysis buffer A (20 mM Tris/HCl, pH 8.0, 250 mM NaCl and 2 mM DTT) and lysed by French press. The crude cell lysate was then centrifuged at 12000 rpm for 1 h. The MBP-fusion proteins in the supernatant were purified by passing through a column with Amylose resin (New England Biolabs), followed with extensive wash using 10 column volumes of wash buffer (20 mM Tris/HCl, pH 8.0, 1 M NaCl and 2 mM DTT). The A3B proteins eluted with elution buffer (20 mM Tris/HCl, pH 8.0, 250 mM NaCl, 2 mM DTT and 20 mM maltose) were concentrated and further purified using Superose 6 gel filtration chromatography (GE Healthcare). The fractions containing chromatographically homogeneous A3B proteins were pooled, concentrated, divided into aliquotes in multiple small tubes (20 μl/tube), flash-frozen in liquid nitrogen and stored at −80°C for activity assay.

For the His-tagged A3BCD2 mutant constructs and the wild -type (WT) A3A, the fusion proteins were initially purified by nickel resin column (Qiagen) from the supernatant fraction, followed by extensive washing with 10 column volumes of buffer B (20 mM Tris/HCl, pH 8.0, and 300 mM NaCl) plus 50 mM imidazole. The fusion proteins were then eluted from the nickel column with buffer B plus 500 mM imidazole. Elutions were combined and switched to protein buffer (20 mM Tris/HCl, pH 8.0, 250 mM NaCl, 1 mM DTT and 1 mM EDTA) by buffer exchange. Concentrated protein was divided into small aliquots, flash-frozen in liquid nitrogen and stored at −80°C for activity assay. All purified proteins used in the present study were quantified by UV absorption and the final concentrations were calibrated by SDS/PAGE as shown in Supplementary Figure S1.

Deamination assay
-----------------

A3B and A3A proteins were reacted with 600 nM 5′ 6-carboxyfluorescein (FAM)-labelled ssDNA substrates (synthesized by Integrated DNA Technologies, Supplementary Table S1) in deamination buffer (25 mM HEPES, pH 6.5, 100 mM NaCl, 0.1% Triton X-100, 1 mM DTT and 0.1 μg/ml RNase). Reactions were incubated at 37°C for the designated times and terminated by heating to 90°C for 5 min. Deamination products were detected using protocols described previously \[[@B53]\]. Briefly, reactions with normal C deamination were treated with 2 units of uracil--DNA glycosylase (UDG) (New England Biolabs) for 1 h at 37°C; reactions with mC deamination were treated with 2 units of thymine--DNA glycosylase (TDG) (Trevigen) in the presence of 3 × complementary ssDNA for 12 h at 42°C. Samples were incubated at 90°C for 10 min in the presence of 0.1 M NaOH. Deamination products were separated on 20% denaturing PAGE gel, visualized with Molecular Imager FX (Bio-Rad Laboratories) and quantified with Quantity One® 1-D analysis software (Bio-Rad Laboratories). For calculation of the initial velocity, fixed concentrations of A3BCD2 and mutant proteins were incubated with ssDNA substrates for a series of incubations (with intervals of 1 min starting from 0 min) at 37°C. The deamination products were quantified and the data were fitted with linear regression using GraphPad Prism 6 software. The slope divided by protein concentration represents the initial velocity at concentration of 1 μM protein and was determined from three independent experiments.

Steady-state rotational anisotropy DNA-binding assay
----------------------------------------------------

5′ FAM-labelled 30 nt ssDNA containing a TCA motif was used as a substrate for A3B-binding assay monitored by change in steady-state fluorescence depolarization (rotational anisotropy). Increasing concentrations of A3B constructs and their inactive mutant proteins were incubated with 50 nM ssDNA in a 65 μl reaction volume containing 10 mM HEPES, pH 6.5, and 100 mM NaCl for 1 min at room temperature. The deaminase-inactive mutants were used in the DNA substrate-binding assay for some faster reactive A3B constructs to ensure the binding affinity are for substrate DNA binding instead of product DNA binding or a mixture of substrate and product DNA binding. The rotational anisotropy was measured using a QuantaMaster QM-1 fluorometer (Photon Technology International) with a single emission channel. Samples were excited with vertically polarized light at 495 nm, and both vertical and horizontal emissions were monitored at 520 nm (8-nm bandwidth). The apparent dissociation constant *K*~d~ was calculated by fitting the data to a one-site-specific binding curve using GraphPad Prism 6 software and was determined from three independent experiments.

Structural modelling
--------------------

The homology modelling programme SWISS-MODEL was used to generate the A3BCD2 model using the structures of A3A (PDB: 2M65) and A3GCD2 (PDB: 3IQS and 3IR2) as templates. The C and mC docking on to A3A and the modelled A3BCD2 structures was performed using the programme Glide \[[@B54]\]. We also performed the structural superimposition of A3A and A3BCD2 with the complex structure of mouse free cytosine deaminase bound to cytidine (PDB: 2FR6), and used the resulting orientation/position of the C in the superimposition to guide the selection of the docked C/mC poses resulted from Glide.

RESULTS
=======

Cytosine deamination by A3B
---------------------------

There are conflicting reports regarding whether both A3BCD1 and A3BCD2 are catalytically active \[[@B22],[@B52],[@B55]\]. To resolve this issue, we generated A3B mutants with inactivated mutations in the CD1 and/or the CD2 catalytic centre in the full-length A3B (FL-A3B) construct or in the separated CD1 and CD2 clones ([Figure 1](#F1){ref-type="fig"}A). Specifically, either the putative catalytic residue Glu^68^ of CD1 was mutated to generated E68A mutant or the catalytic residue Glu^255^ of CD2 was mutated to generated E255A mutant or both residues mutated to generate a combined E68A/E255A mutant.

![Deamination on normal cytidine (C) by A3B and its mutants\
(**A**) Schematic of various A3B constructs, expressed as an MBP fusion. The putative catalytic residue mutations E68A and E255A are marked by a black bar. (**B**) Flowchart of deamination assay on 5′ FAM (asterisk)-labelled ssDNA containing a single target C. The C is deaminated to uridine (U) by A3B, UDG releases uracil from ssDNA, and NaOH treatment converts the ssDNA to two shorter ssDNA fragments. Only the ssDNA linked to FAM is detected by fluorescent detector. (**C**) Gel image showing the C deamination activity of the eight A3B constructs. Protein (2 μM) was incubated with 600 nM 50 nt ssDNA substrate containing C for 2 h at 37°C. The reaction mixture was separated on a 20% TBE/urea polyacrylamide gel. The control reaction contained no A3B but with UDG and NaOH treatment. (**D**) Dose response of FL-A3B WT, FL-A3B E68A and A3BCD2 WT. Protein at concentration 0.25 μM, 0.5 μM, 1 μM, 1.5 μM and 2 μM was incubated with 600 nM 50 nt substrate for 2 h at 37°C. Error bars represent S.D. from the mean for three independent experiments.](bj4710025fig1){#F1}

The C deaminase activities were examined by a gel-based fluorescence assay using an ssDNA substrate containing a target C ([Figure 1](#F1){ref-type="fig"}B). The sequence motif specificity of the ssDNA substrates for FL-A3B was examined using the ssDNA substrates 5-NCA and 5-TCN, and the results show that 5′-TCA/G is the preferred DNA sequence motif (Supplementary Figures S2A and S2B). Then the C deaminase activity of the purified proteins of these A3B constructs was compared using an ssDNA substrate containing the hotspot 5′-TCA ([Figure 1](#F1){ref-type="fig"}C). The results show that FL-A3B at a concentration of 2 μM was able to deaminate approximately 90% of 600 nM substrate in 120 min. The FL-A3B mutant E68A/E255A showed no detectable deamination activity. However, FL-A3B E68A (with CD1 mutation) showed similar activity to that of FL-A3B, but FL-A3B E255A (with CD2 mutation) did not show any activity. These *in vitro* results clearly indicate that CD2 of A3B is catalytically active and CD1 inactive.

The individual WT CD2 (A3BCD2 WT) alone was also active in C deamination ([Figure 1](#F1){ref-type="fig"}C), even though with approximately 6-fold lower activity than that of FL-A3B at a protein concentration of 2 μM ([Figure 1](#F1){ref-type="fig"}D). These data suggest that even though CD1 has no C deamination activity, it enhances the activity of CD2 in the context of FL-A3B. In further dose-response studies, FL-A3B WT and FL-A3B E68A mutant (CD1 mutation) showed similar activity within the tested protein concentration range, whereas A3BCD2 WT alone showed much reduced activity in the tested concentration range ([Figure 1](#F1){ref-type="fig"}D). These results clearly indicate that the FL-A3B E68A mutant in CD1 behaved similarly to WT CD1 in its role for enhancing the CD2 deamination activity in the context of the FL-A3B protein.

Given the fact that the overall charge of +4.5 for CD1 and −3.9 for CD2 at pH 6.5 (<http://protcalc.sourceforge.net/>), it is plausible that CD1 in FL-A3B may help bind ssDNA substrate and orient it for efficient deamination of the target C by CD2. Using a steady-state rotational anisotropy-binding assay we measured the apparent dissociation constant *K*~d~ of CD1, CD2 or FL-A3B with the ssDNA substrate containing the hotspot 5′-TCA. The results show that, whereas CD1 or CD2 alone has a relatively weak affinity for ssDNA (*K*~d~=1 and 3 μM, respectively), FL-A3B has *K*~d~=67.9 nM showing a much enhanced binding to ssDNA (Supplementary Figures S2C--S2E). These results suggest that the combination of CD1 and CD2 leads to a synergistically enhanced binding to ssDNA, which may directly contribute to the enhanced deamination activity. This synergistic effect could be the result of the 3D arrangement of CD1 and CD2 in the full-length structure which allows the involvement of different parts of two domains coming together to enhance the affinity and activity. The sequence specificity, on the other hand, is independent of CD1 since both the E68A mutant and the CD1 deletion mutant display similar sequence specificity that of FL-A3B (Supplementary Figures S3A--S3D).

Methylcytosine deamination by A3B
---------------------------------

We examined mC deamination by A3B using an ssDNA containing a 5′-TmCA motif ([Figure 2](#F2){ref-type="fig"}A). Although the inactive mutant FL-A3B E68A/E255A did not show any mC deamination activity, FL-A3B and FL-A3B E68A showed clearly detectable deaminase activity on mC with both 50 nt and 30 nt substrates ([Figure 2](#F2){ref-type="fig"}B). This mC deamination activity by FL-A3B was much lower than the C deamination over a wide range of protein concentrations tested ([Figure 2](#F2){ref-type="fig"}C). The A3BCD2 WT construct also showed detectable but lower mC deamination than that of FL-A3B ([Figure 2](#F2){ref-type="fig"}D, inset in [Figure 2](#F2){ref-type="fig"}D). When comparing the specific deamination activity in the linear range ([Table 1](#T1){ref-type="table"}), A3BCD2 had approximately 50-fold lower mC deamination than C deamination. Despite much lower mC deaminase activity, the sequence specificity of the mC substrates of FL-A3B appears similar to that of the C substrates, suggesting that the reduced deaminase activity with mC is not due to the change in the sequence motif specificity (Supplementary Figures S3E and S3F).

![Deamination on methylcytidine (mC) by A3B and its mutants\
(**A**) Flowchart of deamination assay on 5′ FAM (asterisk)-labelled ssDNA containing a single target mC. The mC was deaminated to thymine (T) by A3B. A 3-fold excess of complement strand (Comp-ssDNA) was added to form a T:G mismatch. TDG releases T from a T:G mismatch and NaOH treatment converts the product to two shorter ssDNA fragments. (**B**) Gel image showing the mC deamination activity of eight A3B constructs on 50 nt (left) and 30 nt (right) ssDNA substrates. Protein (2 μM) was incubated with 600 nM ssDNA substrates containing mC for 2 h at 37°C. (**C**) Comparison of the dose-response deamination activity on C and mC by FL-A3B WT. (**D**) Comparison of the dose-response deamination activity on C and mC by A3BCD2 WT. The inset is an amplified chart that compares the mC deamination activity by FL-A3B WT and A3BCD2 WT. For (**C**) and (**D**), protein at various concentrations was incubated with 600 nM 50 nt ssDNA substrate for 2 h at 37°C. Error bars represent S.D. from the mean for three independent experiments.](bj4710025fig2){#F2}

###### Comparison of the deaminase activity and mC selectivity factor of various A3BCD2 mutants

                                                                                 A3BCD2       A3A            Mt0          M3           M4           M3M4         Y313F
  ------------------------------------------------------------------------------ ------------ -------------- ------------ ------------ ------------ ------------ -----------
  C deamination activity[\*](#T1TFN1){ref-type="fn"} (nM product/μM enzyme)      506.4±30.1   401900±20230   3733±230.5   498.7±65.7   3605±449.0   6943±124.8   55.32±7.7
  mC deamination activity[\*](#T1TFN1){ref-type="fn"} (nM product/μM enzyme)     10.22±0.4    51030±1480     566.8±72.5   41.81±2.2    353.4±27.8   1309±70.8    7.572±0.5
  mC selectivity factor[^†^](#T1TFN2){ref-type="fn"} \[(mC/C activity) × 100\]   2.01         12.70          15.18        8.38         9.80         18.85        13.69

\*Deaminase activity (nM product/μM enzyme) for the C and mC deamination was calculated from the initial linear range of dose-response assays for each protein construct (Supplementary Figures S3B, S3C, S6B, S7C, S7D and S8A). S.D. was estimated from data collected in three independent experiments.

†The mC selectivity factor was calculated as \[mC/C activity × 100\], where the deaminase activity for C and mC was used in this calculation.

Engineering A3BCD2 to achieve increased mC deamination activity
---------------------------------------------------------------

We also have a highly purified A3BCD2 WT protein with a His-tag fused to its C-terminus, and the dose-response deamination assay showed that this construct had roughly similar activity for mC ([Figure 3](#F3){ref-type="fig"}A) and normal C deamination compared with the previous MBP-fused construct (Supplementary Figures S4A and S4B). Additional controls in Supplementary Figure S4C confirmed the deamination activity on C and mC substrates. These deamination activity levels for C and mC are similar to that reported for AID \[[@B40]\]. However, when comparing the deamination activity between A3BCD2 and A3A (expressed as nM product/μM enzyme characterized in the linear protein concentration range), A3A has 525-fold higher activity for C deamination, but a remarkable 3317-fold higher activity for mC deamination ([Table 1](#T1){ref-type="table"} and Supplementary Figure S4D). Because of the large difference in specific activities between A3BCD2 and A3A, to get a better sense of the relative activity for mC deamination, we also compared the ratio of the mC/C activity × 100, which is defined as the selectivity factor for mC deamination. In other words, this selectivity factor for mC deamination can be thought of as the number of mC deaminations per every 100 C deaminations under the same conditions. When using this standard to compare the two proteins, the selectivity factor for mC deamination is 2.01 for WT A3BCD2, which is approximately 6-fold lower than the 12.70 for A3A ([Table 1](#T1){ref-type="table"}, Supplementary Figure S4E). The selectivity factor for mC deamination of A3A obtained in the present study is similar to the value calculated from the published data for A3A \[[@B35]\].

![An engineered A3BCD2 mutant with much higher mC deamination activity\
(**A**) Gel image showing the mC deamination activity by A3BCD2 WT construct. A3BCD2 at various concentrations was incubated with 600 nM 30 nt ssDNA substrate containing mC at 37°C for 2 h. (**B**) Design of A3BCD2 Mt0 construct. Sequence alignment of A3BCD2 and A3A shows the difference around the loop-1 region (see Supplementary Figure S4 for a full alignment). The 15-amino-acid sequence in the loop-1 region of A3A was inserted into the corresponding region in A3BCD2 to make A3BCD2 Mt0. (**C**) Gel image showing the mC deamination activity by A3BCD2 Mt0. A3BCD2 Mt0 at various concentrations was incubated with 600 nM 30 nt ssDNA substrate at 37°C for 2 h. (**D**) Quantification of the mC deamination by A3BCD2 WT and Mt0, showing significantly increased activity on mC by Mt0 mutant.](bj4710025fig3){#F3}

Currently, A3A and a zebra AID in the APOBEC family are the only two members that have been reported to have relatively high activity on mC with over 10% of their activity on regular C \[[@B35],[@B56]\]. Two previous studies on mutagenesis and domain-swapping of A3A and fish AID tried to identify the domains contributing to efficient deamination activities on mC; however, it is still not resolved \[[@B35],[@B56]\]. Here, given the high similarity of A3BCD2 to A3A but its small mC deamination activity, we tried to understand why there is such a big difference in mC deamination activity by analysing the available structural data. The available structures of A3A and four other APOBECs \[[@B44]--[@B48]\] show no obvious features within the C- or mC-binding pocket that could explain the observed difference in mC deamination activity of A3A, A3BCD2 and other APOBECs. However, the superimposition of the five structures reveals many differences in the peripheral loops around the active site ([Figure 4](#F4){ref-type="fig"}A). Among these differences, two features caught our attention. One is that, although the loop-1 conformations of the four APOBECs (excluding A3A) are more or less similar to each other, the A3A loop-1 conformation is noticeably different from the other APOBECs ([Figure 4](#F4){ref-type="fig"}A). The second feature is that, on loop-7, a highly conserved tyrosine residue (the equivalent of Tyr^130^ in A3A) has a similar conformation for the four non-A3A APOBECs, occupying a space near the active site as a half-opened 'lid' next to the active site pocket ([Figure 4](#F4){ref-type="fig"}B), which may present partial steric hindrance for the methyl group on mC at the active site pocket. However, the side chain of this Tyr^130^ on A3A loop-7 is oriented away from the active site pocket ([Figure 4](#F4){ref-type="fig"}C), which could potentially reduce the partial hindrance and allow the bulkier and more hydrophobic mC to get to the active site pocket. At the sequence level, A3A and A3B-CD2 share the highest identity (89%) and homology (92%) among all APOBECs, and the differences between the two proteins are mostly concentrated around the loop-1, β2 and α5 regions (Supplementary Figure S5), among which the loop-1 is the only region located around the active site.

![Superimposition of the known APOBEC structures around the Zn active site\
A3A (green, PDB: 2M65), A3C (red, PDB: 3VOW), A3FCD2 (purple, PDB: 4J4J and 4IOU), A3GCD2 (yellow, PDB: 3IQS and 3IR2), A3BCD2 (pink, modelled structure). (**A**) A view of the superimposition of loop-1, loop-3 and loop-7 around the Zn active site. The conserved Tyr^130^ in A3A can adopt a conformation different from its equivalent tyrosine residues in other APOBECs (in sticks), which is probably permitted by the different loop-1 conformation in A3A (green). The loop-1 conformations in other APOBECs should prevent their tyrosine residues to assume the conformation of Tyr^130^ in A3A. (**B**) A closer view of the active site for the non-A3A APOBECs, showing the conserved tyrosine residue as a partial 'lid' on the edge of the mC at the active site pocket. (**C**) A closer view of the active site for A3A and the modelled A3BCD2, showing the different conformation for loop-1, and for the conserved tyrosine residue (Tyr^130^ for A3A, Tyr^313^ for A3BCD2) next to the mC at the active site. Tyr^313^ of A3BCD2 is closer to the mC, causing some clashes with the methyl group.](bj4710025fig4){#F4}

Guided by this structural and sequence analysis, we engineered novel A3BCD2 constructs in an attempt to identify the residues that can critically regulate the low or high activity and specificity for mC deamination in A3BCD2 or in A3A. The first construct we made was to graft a 15-amino-acid segment around the loop-1 region of A3A (H^16^IFTSNFNNGIGRHK^30^) to replace the corresponding region in A3BCD2, generating mutant A3BCD2 Mt0 ([Figure 3](#F3){ref-type="fig"}B). Interestingly, the A3BCD2 Mt0 construct gained 7-fold increase in activity for C deamination, but a much more dramatic 56-fold increase for mC deamination, when compared with A3BCD2 WT ([Table 1](#T1){ref-type="table"}, [Figures 3](#F3){ref-type="fig"}A, [3](#F3){ref-type="fig"}C and [3](#F3){ref-type="fig"}D). The significantly increased C deamination activity of A3BCD2 Mt0 is also shown in Supplementary Figures S6A and S6B. From the dose--response curves of both mC and C deamination for A3BCD2 Mt0 in Supplementary Figure S6A and for A3BCD2 WT in Supplementary Figure S4B, it is clear that A3BCD2 Mt0 showed a much higher activity on mC deamination relative to C deamination than A3BCD2 WT. When the selectivity factor for mC deamination is compared, A3BCD2 Mt0 has a selectivity factor of 15.18 ([Table 1](#T1){ref-type="table"}), 7-fold higher than that of WT A3BCD2, which is even slightly higher than the 12.7 for WT A3A. These results indicate that the short 15-residue loop-1 region of A3A and A3BCD2 can greatly influence the deamination activity and the selectivity factor for mC deamination.

Specific residues on the loop-1 region important for mC deamination
-------------------------------------------------------------------

Seven out of the 15 residues from the grafted loop-1 region in the A3BCD2 Mt0 mutant are actually conserved between A3BCD2 and A3A ([Figure 5](#F5){ref-type="fig"}A). The remaining non-conserved eight residues may therefore contribute to the increased activity and specificity for mC deamination observed in the A3BCD2 Mt0 construct. In order to evaluate the contributions of these non-conserved residues to the increased activity and specificity for mC, we divided the eight non-conserved residues into four groups and generated mutants (M1--M4) on the A3BCD2 WT construct, mutating the residues in each group to the corresponding A3A residues ([Figure 5](#F5){ref-type="fig"}A). The results of the mC deamination assay showed that, with the exception of M2 mutant (F8S), mutants M1 (--DT--to--HI--), M3 (--DPLVLR--to--GIG--) and M4 (--RQ--to--HK--) all displayed greatly increased activity on mC ([Figures 5](#F5){ref-type="fig"}B and [5](#F5){ref-type="fig"}C), with M4 showing the highest mC deamination activity. These results indicate that the mutated residues in M1, M3 and M4 can influence mC deamination activity.

![Dissecting loop-1 residues important for increasing mC deamination\
Error bars represent S.D. from the mean for three independent experiments. (**A**) Design of the mutants on A3BCD2 WT. Sequence alignment of A3BCD2 and A3A showed four groups (M1--M4) around loop-1 that are not conserved (left). A3BCD2 was mutated to contain the corresponding residues of A3A individually to generated mutant M1--M4. A3BCD2 M3 was combined with others to generate three additional combined mutants. (**B**) Gel image showing the different mC deamination activities by the mutants. Each protein (0.5 μM and 2 μM) was incubated with 600 nM 30 nt ssDNA substrates at 37°C for 2 h. (**C**) Quantification of the activity on mC. The activity of the mutants at the concentration of 2 μM was quantified. (**D**) Dose-response of mC deamination activity by A3BCD2 WT, M3, M4, M3M4 and Mt0 constructs. (**E**) Dose-response of C deamination activity by A3BCD2 WT, M3, M4, M3M4 and Mt0 constructs.](bj4710025fig5){#F5}

We next examined the mC deamination activity of the combined mutants M3M1, M3M2 and M3M4, in order to evaluate the potential additive effects of the mutated residues ([Figure 5](#F5){ref-type="fig"}A right panel). Each of these combined mutants showed slightly higher mC deamination activity than the corresponding individual mutants ([Figures 5](#F5){ref-type="fig"}B and [5](#F5){ref-type="fig"}C), with M3M4 showing the highest activity ([Figure 5](#F5){ref-type="fig"}C), even slightly higher than Mt0 that has the combined M1--M4 mutations. Despite that M2 alone did not show increased mC deamination activity, the combined M3M2 mutant had higher activity than M3 alone ([Figure 5](#F5){ref-type="fig"}C). A similar trend of activity changes for the various mutants is also observed when the initial velocity for the deamination assay was performed (Supplementary Table S2).

In order to evaluate the relative increase in mC deamination compared with C deamination activity (or the selectivity factor for mC), we carried out a dose-response assay on both mC and C deamination activities for the four mutants (M3, M4, M3M4, Mt0) that showed significantly increased mC deamination activity. The results clearly indicated that a significant increase for mC deamination is also linked to the significant increase for C deamination as well ([Figures 5](#F5){ref-type="fig"}D and [5](#F5){ref-type="fig"}E, Supplementary Figures S7A and S7B). However, the fold increase for mC deamination is much higher than that for C deamination, indicating a biased increase towards mC deamination. This phenomenon becomes more obvious when the selectivity factor for mC deamination are calculated for the four mutants, which shows a 4--9-fold higher mC selectivity factor than WT A3BCD2 ([Table 1](#T1){ref-type="table"}, Supplementary Figures S7C and S7D). Among them, the two combined mutants Mt0 and M3M4 have the highest specificity factor for mC deamination, with an increase of 7- and 9-fold higher than that of WT A3BCD2 ([Table 1](#T1){ref-type="table"}). These results indicate that the mutated residues of M3M4 from the loop-1 region of A3A (i.e.--G^25^I^26^G^27^--in M3 and--H^29^K^30^--in M4, [Figure 5](#F5){ref-type="fig"}A) collectively play a critical role in the activity and specificity for mC deamination.

We also examined the preferred trinucleotide sequence motif for deamination and the substrate ssDNA-binding affinity of A3BCD2, and the three mutants M3, M4 and Mt0. Our results show that A3BCD2 and the three mutants have unchanged sequence motif specificity for deamination (Supplementary Figures S8 and S9) and had similar binding affinity to substrate ssDNA (Supplementary Figure S10), indicating that the increased deamination activity and selectivity factor for mC deamination of these engineered mutants is not a result of altered DNA sequence motif specificity or the altered overall binding affinity for the substrate ssDNA.

Flexibility of loop-1 important for mC specificity
--------------------------------------------------

The available A3A NMR structure shows that the conformation of loop-1 differs from that of other known APOBECs and is very flexible in adopting several conformations \[[@B47]\]. The two glycine residues--[G]{.ul}I[G]{.ul}--on loop-1 of A3A and of the A3BCD2 M3M4 mutant may be important for the flexible conformation of the loop ([Figures 6](#F6){ref-type="fig"}A and [6](#F6){ref-type="fig"}B), which may contribute to the higher mC activity and specificity. To test this hypothesis, we used A3BCD2 Mt0 that contains the--GIG--sequence in the loop-1 region to perform further mutational studies, in which the two highly flexible glycine residues (Gly^25^, Gly^27^) in the--G^25^I^26^G^27^--of loop-1 were mutated to proline, and also the isoleucine residue (Ile^26^) was mutated to alanine ([Figures 6](#F6){ref-type="fig"}A and [6](#F6){ref-type="fig"}B, mutants M5--M8), and then examined their effects on mC and C deamination activity. The activity assay results showed that, at a protein concentration of 2 μM, mutants M5 and M7 containing the G25P mutation had essentially lost mC deamination activity, whereas mutant M6 and M8 displayed similar mC deamination as A3BCD2 Mt0 ([Figures 6](#F6){ref-type="fig"}C and [6](#F6){ref-type="fig"}D). Interestingly, the C deamination of M5 and M7 is only partially affected by this G25P mutation, retaining approximately 50% of the activity level of the A3BCD2 Mt0 construct ([Figures 6](#F6){ref-type="fig"}E and [6](#F6){ref-type="fig"}F). These results indicate that Gly^25^ in the--G^25^I^26^G^27^--motif is indeed critical for the activity and specificity for mC deamination, possibly because this Gly^25^ could allow the loop-1 to adopt the conformation necessary for positioning mC for a more optimal deamination reaction at the active site pocket.

![The flexibility of loop-1 conformation in A3BCD2 Mt0 affects mC deamination activity\
Error bars represent S.D. from the mean for three independent experiments. (**A**) Structure of A3A loop-1 and Tyr^130^ on loop-7 around the Zn active site. Residues--G^25^I^26^G^27^--and--H^29^K^30^--on loop-1 are drawn as sticks. The mC modelled into the active site is shown as dots. In the NMR structure of A3A (PDB: 2M65), Tyr^130^ is close to--GIG--. (**B**) Design of four mutants on loop-1 of A3BCD2 Mt0. (**C**) Gel image showing the mC deamination activity of the mutants. Each protein (0.5 μM and 2 μM) was incubated with 600 nM 30 nt ssDNA substrates at 37°C for 2 h. (**D**) Quantification of the mC deamination activity at a protein concentration of 2 μM. (**E**) Gel image showing the C deamination activity of the mutants. Each protein (0.5 μM and 2 μM) was incubated with 600 nM 30 nt ssDNA substrates at 37°C for 2 h. (**F**) Quantification of the C deamination activity at a protein concentration of 2 μM.](bj4710025fig6){#F6}

The conserved loop-7 tyrosine residue for mC specificity
--------------------------------------------------------

A highly conserved loop-7 tyrosine residue among all APOBECs corresponds to Tyr^313^ in A3BCD2 and Tyr^130^ in A3A. As mentioned above, the structural alignment reveals that the loop-7 Tyr^130^ in A3A adopts a different conformation from all of the equivalent tyrosine residues in other APOBECs ([Figures 4](#F4){ref-type="fig"}A--[4](#F4){ref-type="fig"}C), possibly resulting in a more accessible active site for accommodating the bulkier mC residue in A3A than in other APOBECs (such as A3B, A3G), and as such accounting for the high activity and selectivity for mC deamination. In other words, the less accessible active site due to the conformations of the conserved Tyr^313^ in A3BCD2 ([Figure 4](#F4){ref-type="fig"}C) may contribute to the observed low activity and specificity for mC deamination.

To test this hypothesis, we mutated Tyr^313^ in the A3BCD2 WT template to different hydrophobic residues, including a larger tryptophan residue (Y313W) or a slightly smaller phenylalanine residue (Y313F) or the much smaller valine and alanine residues (Y313V, Y313A) and then evaluated their deamination activity and specificity for mC. The results indicated that A3BCD2 constructs with mutations Y313W, Y313V and Y313A had no detectible deamination activity for C or mC substrates ([Figures 7](#F7){ref-type="fig"}A and [7](#F7){ref-type="fig"}B), suggesting that too large a side chain like tryptophan may completely block the access to the active site in A3BCD2, and too small a side chain may not be sufficient to stably hold the C or mC in the active site for deamination reaction. However, Y313F retained essentially the same level of mC deamination, but caused a significant decrease in C deamination activity ([Figure 7](#F7){ref-type="fig"}C). If the selectivity factor for mC deamination is calculated, the Y313F mutant is 13.69, which is similar to that of A3A and had an increase of over 6-fold compared with the 2.01 of WT A3BCD2 ([Figure 7](#F7){ref-type="fig"}D, [Table 1](#T1){ref-type="table"} and Supplementary Figure S11). We postulate that the loss of a hydroxy group in the Y313F mutant may result in a slightly more open 'gate' to the active site of A3BCD2 ([Figure 4](#F4){ref-type="fig"}C), possibly allowing a better access for the bulkier and more hydrophobic mC to the active site yet with only a small penalty of C stability and deamination, which might be the reason for the observed 6-fold increase in selectivity factor for mC deamination of the Y313F mutant.

![A3BCD2 Tyr^313^ mutation enhances the substrate specificity on mC\
(**A**) Gel image showing the C deamination activity of A3BCD2 mutants. Each protein (0.5 μM and 2 μM) was incubated with 600 nM 30 nt ssDNA substrates at 37°C for 2 h. (**B**) Gel image showing the mC deamination activity of A3BCD2 mutants. Each protein (0.5 μM and 2 μM) was incubated with 600 nM 30 nt ssDNA substrates at 37°C for 2 h. (**C**) Dose-response of A3BCD2 WT and Y313F for C and mC deamination. (**D**) Comparison of the mC selectivity factor for A3BCD2 WT and Y313F. The data were calculated from [Table 1](#T1){ref-type="table"}. Error bars represent S.D. from the mean for three independent experiments.](bj4710025fig7){#F7}

DISCUSSION
==========

Previous literature on A3B reported conflicting results regarding whether both CD1 and CD2 are enzymatically active \[[@B22],[@B52],[@B55]\]. In addition, there is precedent for an active CD1 in the mouse APOBEC3 protein \[[@B57]\]. In the present study, we performed *in vitro* biochemical analysis using purified proteins of various mutants of A3B and showed that CD2 is the enzymatically active domain and CD1 is inactive. However, the presence of CD1 can greatly enhance the deamination activity of CD2 in the context of the FL-A3B protein, which is probably due in part to the 3D arrangement of CD1 and CD2 in the native full-length structure which allow the synergistic binding of the two domains to ssDNA substrate to achieve higher deamination activity. We also show that FL-A3B and A3BCD2 can deaminate mC, even though this mC deamination activity is very weak which is approximately 50-fold lower than C deamination.

A3B\'s overall activities of C and mC deamination reported here appear to be quite similar to those reported for human AID, both with much lower mC deamination relative to C deamination. A3A, on the other hand, is the only human APOBEC protein that has been reported to have clearly much higher deamination activity for both C and mC based on *in vitro* assay \[[@B35]\]. Another extreme is A3G that is reported to have no detectible mC deamination \[[@B35]\]. What is the structural basis for these closely related APOBEC deaminases to discriminate the subtle differences between C and mC for deamination? To date, no amino acid sequences or/and structural elements of an APOBEC deaminase have been shown to be responsible for the observed discrimination for mC. In the present study we found that the loop-1 of A3BCD2 plays a major role in the activity and selectivity of mC deamination.

In particular, by substituting a few residues on the loop-1 of A3BCD2 to that of A3A (i.e.--G^25^I^26^G^27^--and--H^29^K^30^--) the resulting A3BCD2 mutants gained over two orders of magnitude higher mC deamination activity than WT A3BCD2 ([Table 1](#T1){ref-type="table"}). Moreover, our point mutagenesis studies indicated that a flexible Gly^25^ on loop-1, likely to be important to allow loop-1 to adopt certain conformations, plays an important role in mC deamination. Previously extensive studies with loop switches and mutations are limited to investigating sequence motif specificity surrounding the target C. These studies show that loops 1 and 7, especially loop-7 (previously named the 'specificity' loop), affect the sequence motif specificity \[[@B58]--[@B66]\]. For example, the sequence motif for A3G is--CC--, a graft of its loop-7 to that of A3A can change its sequence motif specificity of--TC--\[[@B65]\]. Depending on the specific pair of the loop-7 donor and receiver, the outcome can range between loss of activity, less stringent specificity or near complete conversion to the donor sequence motif specificity. Loop-1 graft mutants, on the other hand, can result in less stringent sequence specificity \[[@B62],[@B66]\] or enhanced/reduced activity \[[@B62],[@B65]\]. The--HK--equivalent residues have not been reported in the loop-grafting studies. However, our results showed that they have no effect on the sequence motif specificity, rather they have a significant impact on increasing the mC deamination activity and selectivity. Our study adds another layer of complexity as to how individual loops assist the recognition and reactivity of the target mC compared with C.

Even though the exact mechanism remains to be elucidated, two possibilities could explain the important role of loop-1 for mC deamination of A3BCD2. The first possibility is that the loop-1 sequence/conformation may influence the conformation of the highly conserved Tyr^313^ on loop-7 of A3BCD2, which may determine how well the target mC residue can get to and bind at the active site. Previous reports suggest that Tyr^114^ of AID and Tyr^315^ of A3G, which are equivalent to Tyr^313^ of A3B, may also participate in positioning the target C \[[@B48],[@B67]\]. Therefore, Tyr^313^ of A3B may bear dual functions: stabilize target C and discriminate mC at the active pocket. For the loop-1 of A3A, it may allow its corresponding Tyr^130^ to adopt a conformation that is more accessible to the active pocket for a bulkier mC than the equivalent tyrosine residue of other APOBECs ([Figure 4](#F4){ref-type="fig"}A). The second possibility is that loop-1 needs to have a certain flexibility that allows it to change conformations in order to bind ssDNA in certain way to present the target mC in a better position for deamination reaction. The two substituted loop-1 residues--H^29^K^30^--that impact significantly on mC deamination are actually located outside the active site pocket. Such positioning of the--H^29^K^30^--residues suggests that they are unlikely to interact directly with the target mC or C bound inside the active site pocket. They may interact with the base at the 3′- or 5′-side of the target C/mC to allow better presentation the target mC/C to the active Zn for efficient deamination \[[@B64],[@B68]\]. The evidence that Lys^30^ is involved in DNA binding is consistent with this hypothesis \[[@B64]\]. It is also likely that both possibilities described above work together to regulate mC/C deamination.

In summary, our study on A3B indicates that only CD2 is catalytically active *in vitro* and that A3B has a very weak but clearly detectable activity on mC deamination. This mC deamination activity of A3B is much lower (roughly by three orders of magnitude) than that of A3A, the only APOBEC reported to have a robust mC deamination to date. Through structural and systematic mutational analysis, we have successfully engineered a mutant version of A3BCD2 that has gained over two orders of magnitude higher activity for mC deamination and has achieved an mC selectivity factor comparable to that of A3A. Important elements around the active site that contribute to the activity and specificity for mC deamination have been identified for the first time. It is clear from the present study that multiple determinants, rather than a single factor, contribute to the mC deamination activity and specificity by APOBEC deaminases. A thorough understanding of the detailed mechanism of the mC substrate selectivity as well as the nucleotide sequence motif specificity will require critical information from high-resolution complex structure(s) containing the enzyme bound to a series of ssDNA substrates.
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